The paper deals with the evaluation of relation between roughness parameters of Ti6Al4V alloy produced by DMLS and modified by abrasive blasting. There were two types of blasting abrasives that were used -white corundum and Zirblast at three levels of air pressure. The effect of pressure on the value of individual roughness parameters and an influence of blasting media on the parameters for samples blasted by white corundum and Zirblast were evaluated by ANOVA. Based on the measured values, the correlation matrix was set and the standard of correlation statistic importance between the monitored parameters was determined from it. The correlation coefficient was also set.
Introduction
Titanium is a modern material which is, by the combination of outstanding mechanical, physical and biocompatible properties, suitable for a wide range of applications. The material is used in various sectors such as either the space industry, chemical industry or in biomedical engineering.
Titanium and Ti-based alloys form the huge part of materials which are used, e.g. in the construction of den- tal and orthopaedic implants, as well as facial and plastic surgery [1, 2] . Moreover its excellent biocompatibility is the decisive property in selection. It has neither allergic nor sensitizing effect, and it is not carcinogenic or a toxic material. The layer of titanium oxide even provides bacteriostatic effect. Other beneficial properties of titanium alloys are their low electrical conductivity, high corrosion resistance, predictable thermodynamics and good strength to weight ratio. Titanium, as a material, has the ability of self-passivation in majority of corrosive environments, although it belongs to the non-noble metals with a high negative potential (−1633 mV). The thickness of TiO 2 passivation layer varies from 2 to 5 microns. It protects the material against the corrosion and ensures its bio-inertness. The advantageous characteristic of this passivation layer is its self-restoration if broken during e.g. the material machining.
Resistance of titanium against certain substances can be increased either by changing the composition of the Ti alloy, a surface treatment of the Ti alloy [3] , or by the change in composition of corrosive environment. The corrosive environment in biomedical applications is given by the conditions within the intra-body environment, the change is not possible. The significant improvement of mechanical properties of Ti alloys can be achieved by alloying elements such as aluminium, vanadium, palladium, zirconium, chromium, copper, but these components may not be tolerated by a human body environment. Another possibility of influencing the resistance of titanium alloys is a surface treatment, especially the anodic oxidation. At elevated temperatures the resistance of titanium against some acids can be increased by the implementation of suitable voltage. Annealing also allows increasing the corrosion resistance of titanium alloys by forming continuous surface layer of oxides. Another possibility is the modification of the implants surface morphology by a mechanical way -the abrasive blasting. The blasting process enables to change the surfaces morphology -to roughage or smooth out according to individual requirements. Abrasive blasting leads to changes in both a surface area size and roughness parameters. The removal of the surface lay- ers and the subsurface work hardening occurs together with changes of mechanical properties and surface activity [4] [5] [6] .
From the whole range of surface pre-treatment technologies, the blasting technology stands out. It can be used to prepare surface of required quality. The blasting is used with a regard to technical and economical properties while achieving the required quality of the surface respecting the economy of the process. It is not sufficient to just mechanically apply the blasting. However it is necessary to constantly seek for the most suitable technical parameters of the technology both in the aspect of new progressive blasting agents as well as blasting mode. It is optional only in the case when mastering the physical nature of the process.
Blasting is currently the technology with a significant application in practice. It provides a variety of materials used as blasting media. However as it is used in economically and technically correct way, i.e. to achieve the required surface quality at an economically acceptable cost, it is insufficient only to mechanically apply the blasting. It is necessary to constantly search the most suitable technical parameters for this technology from the aspect of blasting equipment used. It is also applicable for using the conventional and new blasting media [7] .
Materials and methods
The work powder of Ti6Al4V alloy has been used for the realization of experimental procedures, Tab. 1. Test samples were prepared by DMLS technology using EOSINT M280. Manufacturing of implants fitted are often realised by rapid prototyping (RP) technology, since each product has the unique shape. RP technologies are an additive technology using CAD models that transforms into thin horizontal layers and then shapes a particular material to the final product. In DMLS (Direct Metal Laser Sintering) technology the re-melting of powder with a laser beam occurs [8, 9] .
For experimental works there were made test samples with dimensions of 20×20×2 mm, the power of laser sintering was 150 W. A laser speed was 1250 mmps, the thickness of the layer was 0.09 mm.
The metallographic analysis of sintered materials was performed in two directions -the perpendicular and parallel ones to deposited layers. Metallographic samples were grinded on a set of abrasive papers, polished using polishing silica suspension and etched using Kroll´s reagent, 5-10 seconds at 25 ∘ C. The evaluation of materials microstructure was realised by light microscopy (LM). There were used two blasting abrasives for modification the surface morphology of sintered materials -Zirblast B60 and white corundum FEPA 120. Zirblast is the ceramic abrasive, characterized by a greater density and effectiveness than glass abrasives and less density than steel abrasives. It is used for surface hardening or cleaning moulds etc. White corundum is abrasive based on synthetic aluminium oxide intended for blasting in closed systems. It is high resistant abrasive to achieve high quality of the treated surface. A chemical composition of the abrasives is presented in Table 2 .
There was utilized a pneumatic air-blast device Sandblasting System TM 0.5 -Miniblast 200. Samples were blasted with abrasives at the working pressure of 0.2, 0.4 and 0.6 MPa, nozzle diameter was 1.2 mm, blasting angle 75 ∘ and the distance of the nozzle from the substrate was 200 mm. The samples were blasted until the surface saturation was achieved.
From the point of view of a surface microgeometry the surfaces are classified as oriented (in mutually perpendicular directions it has notably different values of roughness) and non-oriented (roughness and spacing of little peaks in mutually perpendicular directions are not notably different).
Based on the above mentioned facts we may classify a blasted surface among non-oriented surfaces, while its production is predominantly conditioned by a used shape of blasted media grain.
Surface microgeometry is dependent on:
-blasted material properties (mainly hardness). At blasting, the harder material is not affected in such amount as a soft material, from the point of view of microgeometry; -the type of used blasted media. It is evident that at blasting which has a requirement for obtaining a defined roughness, it is necessary to the accord the blasted material hardness with a hardness and size of blasted media grains. -blasting parameters. At selecting of blasting media type the parameters of blasting are also decisive. At various blasting parameters, the same blasting media causes various roughness [10] [11] [12] [13] [14] .
Regarding a specific character of microgeometry of blasted surfaces the most suitable and so far the most elaborated is seen an evaluation of surface structure by a profile method using a contact profilometers, which belong to the category of devices with a gradual transformation of profile. The method enables to detect numeric values of normalized as well as non-normalized characteristics of surface microgeometry.
For the evaluation of roughness of blasted surfaces the quantities normalized in STN EN ISO 4287 are used. The calculating system for evaluation of surface profile is in this norm based on the system of middle line of roughness profile, waviness and the middle line of primary profile.
Using an experimental verification [4, 7, 15] it was detected that for an evaluation of blasted surfaces microgeometry according to STN EN ISO 4287 it is necessary an evaluation of surface by a set of chosen parameters of roughness from which the most suitable seems to be the usage of the following parameters:
-Ra (arithmetical mean deviation of the profile on the sampling length) as the most frequently used quantity, -other parameters evaluating roughness of blasted surface, namely Rz (maximum height of profile on the sampling length), Rt (total height of profile on the evaluation length), RSm (mean width of the profile elements on the sampling length), -unnormalised parameter RPc which characterizes the surface roughness (average number of peaks per unit length).
Utilizing their combination it is possible to quantifiably observe differences in the surfaces microgeometry. It is necessary for subsequent technologies, or the effects evaluation of previous technologies.
2D evaluation was carried out in accordance with STN EN ISO 4287 using Surftest SJ-201. Measured parameters were as follows: Ra (an arithmetical mean deviation of the profile on the sampling length), Rz (the maximum height of profile on the sampling length), Rt (the total height of profile on the evaluation length), RSm (the mean width of the profile elements on the sampling length) and nonnormalised parameter RPc which characterizes the surface roughness (the average number of peaks per unit length).
Settings in roughness measurement:
-a measured profile: R -a filter: GAUSS, -a sampling length l (λc): 0.8 mm -a number of sampling lengths: N = 5 -an evaluation length ln: 4 mm -a number of measured profiles: 40.
The effect of pressure on the value of individual roughness parameters and an influence of blasting media on the parameters for samples blasted by white corundum and Zirblast were evaluated by ANOVA. We have observed whether the pressure has an effect on the value of the parameter, i.e. statistically significant or insignificant difference. The hypothesis that was tested as the null hypothesis (H0: mean values are the same). The second hypothesis is called an alternative hypothesis, denoted by H1. The significance level α (α -type I error) is the probability of rejection of the null hypothesis although it is true (α = 0.05, α = 0.01). P -value is the lowest level of significance at which the null hypothesis can be rejected. If p < α the null hypothesis is relevant to the alternative hypothesis is rejected. This means that the difference measured in the sample is too large to be merely incidental. Between those variables is a relationship. If p ≥ α null hypothesis cannot be rejected, it means that the difference measured in the sample can be merely incidental.
It is applied:
-p < 0.05 "statistically significant difference" -p < 0.01 "highly statistically significant difference" -p > 0.05 "statistically significant difference".
Results
Microstructures of the materials are shown in Fig. 1 and Fig. 2 . At a low magnification (Fig. 1) , there can be seen a pattern relating to sintering particular powder layers in a section perpendicular to the layers deposition. Pattern spacing visible in metallographic sections corresponding to the platform lowering by one layer thickness (0.09 µm). The microstructure of the sintered material at a magnification of 500x shows Fig. 2 . From a metallographic analysis, it can be concluded as follows:
-due to the fact that the analysed alloy is of (α + β)-type, the primary structure after sintering is lamellar, it has a fine morphology consisting of primary α phase and the acicular phase of probably α'-phase martensite, the rest of structure consists of β phase, -the structure in metallographic sections parallel with deposited layers before and after annealing is an equiaxed polyhedric, without a visible porosity, a high density and integrity of the material.
With respect to an acceptance of the material by the human body, requirements for the surface roughness of the implants may vary. Therefore, experiments aimed at a surface morphology modification by blasting were carried out. There were two types of abrasives of different material and shape that were used and 3 values of air pressure for blasting. The values of the roughness parameters measured on the material as-made and on materials blasted at different air pressures are displayed in Table 3 . The change of surface character can be seen from the profiles and Abbot-Firestone curve, Fig. 3 . Results of statistical analysis of parameters Ra, Rz and Rt is showed in Table 4 -6.
The results of blasting with Zirblast showed that increasing of air pressure leads to decreasing of Ra. This result can be attributed to the ratio of hardness of Ti6Al4V vs. Zirblast. When comparing the parameters Rz and Rt their gradual decrease was shown. Surface roughness was characterized by parameters RSm and RPc. There was recorded an increasing of RSm parameter at all air pressures by more than 100%, the value of the parameter RPc analogically decreased. A sharp-edged group of blasting abrasives was represented by white corundum. The values of the parameters Ra, Rz and Rt decreased with air pressure increasing. Surface blasted with Zirblast reached higher values of roughness parameters compared to white corundum, Fig. 4-6 . The RSm value increased compared to as-made material by 85% and the value of RPc parameter decreased by 100%. For both abrasives, despite their shape and a material difference, a similar course of roughness parameters was recorded, however the values were higher for white corundum. A recommendation of appropriate blasting parameters and abrasives depends on the specific demands on the implant surface. The effect of pressure on the value of individual roughness parameters
In Table 7 is calculated p-values for the individual parameters measured on the samples which have been blasted with two blasting media. For the Ra, Rz, and Rt is a statistical difference in both blasting media. It means that the pressure affects the value of the parameter. For parameters RSm and RPc which represent the sample blasted by Zirblast, the difference is not statistically significant (pressure does not affect the value of the parameter). For the sample blasted, white corundum difference is not statistically significant only for α = 0.01.
The influence of blasting media on parameters
The average values of the Zirblast blasted and blasted by white corundum oxide were compared using the t-test. The results of p-values at different pressure are depicted in the Table 8 . At a working pressure of 2 bar the difference is statistically significant. It means that the type of blasting media has an effect on the value of the parameter. At an operating pressure of 6 bars and 4 it is not statistically significant difference only for the Ra parameter (type of blasting media has no influence on the value of parameter). Therefore, the type of the blasting media has an influence on characteristics of profile roughness, in particular to its parameters. Blasted surfaces were visualized using an optical microscopy, Fig. 7 , and 3D visualised with help of Matlab. The image of surfaces clearly displayed the influence of blasting abrasives used to the final character of the surface. Surfaces blasted with spherical abrasive -Zirblast are characterized by mutually intersecting indentations of spherical cap shape. Surfaces blasted with white corundum consists of large number of sharp notches.
Conclusion
In order to determine the influence of technological conditions of blasting on the surface morphology of sintered Ti6Al4V alloy, there were realized experimental works on a set of test samples. The abrasive blasting of sintered materials, due to the substrate -an abrasive hardness ratio, led to decrease in the surface roughness of materials with the air pressure increasing. Blasting with Zirblast, due to the round shape of grains, led to more significant decrease of roughness parameters compared to the surfaces blasted with sharp-edged white corundum. Different shapes of abrasive caused the characteristic surface morphology.
The samples with different surface morphology can serve as a sample-case of implant surfaces for surgeons, from which they can select the desired type of implant surface.
